According to the geodesic equation of General Relativity, a large scale mass concentration of the Universe causes a bundle of parallel light rays passing through it to develop a finite rate of convergence. The phenomenon, often known as 'negative expansion', accumulates monotonically as a light beam from remote distances intercepts many of these regions of density enhancement during its journey to us. The total effect experienced by the beam is, in the context of a homogeneous cosmological model (i.e. in a statistical sense) the matter contribution to global space curvature. We note, however, that even ignoring the Hubble expansion the Universe is not static -most of the galaxies, groups, and clusters exhibit random motion in their peculiar velocities. Thus their gravitational influence on passing light, which obviously depends on a set of impact parameters appropriate to any given path, will vary from one moment to the next. This causes a temporal change in the mean curvature sampled by the beam that propagates along a certain sightline. The change is a slow and steady drift of the curvature, because each sightline is associated with a particular set of neighborhood massive structures which has a fixed pattern of random motion. Further, since mean curvature can affect the total path length propagated, the outcome is a constant rate of change of path length with time, i.e. the emitting source appears to be approaching or receding from the observer at a constant speed. The consequence is a Doppler frequency shift in the microwave background, due to passage through the z < 6 Universe of moving inhomogeneities, the amount of which varies randomly between independent sightlines. The effect is estimated at the 1-10 % level, and is clearly inconsistent with the high degree of isotropy in the WMAP data. We conclude that inflationary models, which only guarantee isotropy before decoupling, is insufficient in accounting for the observations. A separate mechanism has to be invoked to maintain the curvature of space at near flatness everywhere and for all epochs of evolution.
Introduction
One of the most striking unsolved problems concerning the Universe is its geometry. According to General Relativity, the curvature of space at large scales is determined by the total mass density of matter and energy, ρ(t), a quantity that evolves with world time t as the Universe ages. If the curvature is zero, the density at the current epoch t = t o must equal a critical value, i.e. ρ(t o ) = ρ c where
and H o = H(t o ) is the Hubble constant. It is customary to express ρ o = ρ(t o ) in units of ρ c , i.e. as the parameter
Recent data on the cosmic microwave background (Rubino-Martin et al 2003) corroborate with improved accuracy the earlier findings that Ω equals unity, i.e. space is flat. Specifically the latest published WMAP constraint is Ω = 1.02 ± 0.02 (Spergel et al 2003) . The consequence of ρ o = ρ c means that ∼ 97 % of the matter and energy in the Universe remains unaccounted for. More precisely, measurements indicate that of this 97 %, 28 % exists as the so-called dark matter of unknown composition, and 70 % in the form of a dark energy thought to be responsible for the accelerated expansion of space (a phenomenon that continues to receive observational confirmation, e.g. Blakeslee et al 2003) , even though the physical properties of this energy is not at all understood. Given a situation like the above, it is probably necessary to reexamine the basic tenets of Relativistic Cosmology. In this Letter we conduct a test to prove that the flatness of space involves much more than just some physical mechanism operating in the pre-decoupling Universe.
The origin of global space curvature in an inhomogeneous Universe
In the standard Friedmann-Robertson-Walker cosmology the curvature of space is measured by the quantity Kr 2 which appears within the Robertson-Walker line element as:
where (r, ϑ, ϕ) are comoving coordinates of the observer in the present paper, which places an emitting light source at the origin. The curvature index K may be expressed in terms of parameters at time t, viz.
with a(t) as the expansion parameter and t o the current epoch. Now this Kr 2 term may also be expressed as:
where L = a o r is the metric (or angular size) distance of the source from the observer. From Eq. (5) the contributions of matter, dark energy, and Hubble expansion to global space curvature are cleanly delineated as respectively the first, second, and third term on the right side of the equation.
Eqs. (3) - (5) apply to a Universe which is spatially homogeneous in its matter and dark energy content. While the lack of observational data on the distribution of dark energy leaves us with no option but to regard Ω Λ as an absolute constant, the situation concerning Ω m is quite different. We know in reality that since the decoupling phase of z ≈ 1000 the distribution of matter in space has not been homogeneous -this clumping effect became especially important from z ≈ 6 onwards when the first stars and galaxies formed. Thus as far as the matter content of the Universe goes, the assumption of constant Ω m may at best be viewed only as a reflection of the average properties over large volumes. The crucial question is about how the various mass concentrations contribute to the global curvature Kr 2 through their individual gravitational influences. In particular, when a light beam from a remote source traverses the vast distances of the ambient Universe, occasionally intercepting these dense massive regions, it must somehow be affected in such a way that the propagation behavior over large length scales is the null geodesic with the metric given by Eq. (3).
The issue was pursued to a reasonable level of satisfaction, as discussed in Peebles (1993); also see Futamase & Sasaki (1989) , Watanabe & Tomita (1990) , Bartelmann & Schneider (2001) . Here we adopt the approach of Peebles, who used the geodesic equation derived from a Minkowski-type background metric that is perturbed by massive bodies to work out two consequences in store for a parallel beam of light rays when it passes through a spherically symmetric large scale structure (like a galaxy, group, or cluster of galaxies) at impact parameter ∆. Firstly, the mean direction of the beam will be deflected by an angle α. Secondly, there will be a negative expansion, or convergence, of the rays within the beam, at a rate 1 θ ∼ −|α|/(2∆). In the case of multiple mass encounters, however, an essential difference exists between α and θ. Although for the former one can envisage galaxies and clusters located all around the propagating beam, deflecting it randomly whilst maintaining the mean direction unchanged, for the latter the convergence rate of the beam is incremented systematically per encounter by the above amount.
The behavior is entirely expected -gravity is responsible for positive space curvature because it causes a bundle of parallel rays to converge. By letting the spherical mass distributions have a total mass M (each), number density n, and be isothermal with a cutoff radius R (i.e. radially independent velocity dispersion, which implies an internal density profile ρ(r) ∼ 1/r 2 terminated at r = R -an acceptable zeroth order approach to groups and clusters), the final convergence rate of the beam at the end of its journey is readily shown to have a statistical average value of:
for R ≫ ∆ min . It should be mentioned here that, beyond the cut-off radius, the inclusion of contributions to −θ from neighborhood mass spheres which the light beam passes by at impact parameter ∆ > R will only lead to an increment per cylindrical volume dV = 2πL∆d∆ that scales as 1/∆ 2 rather than 1/∆. Thus the main effect comes from spheres directly intercepted by the beam. For this reason, when we calculate below the fluctuation δθ due to motion of the mass spheres, we will also ignore the 'fly-by' cases (in fact, their inclusion further adds to what we shall find to be already a rather large δθ).
If all the matter components in the Universe resides in one type of concentration, we may then equate nM to the mean density of the Universe, i.e. nM = ρ c Ω m , where the total mass fraction of baryonic and dark matter is Ω m ≈ 0.3 (see section 1) and ρ c is given in Eq.
(1). If there is more than one type of mass concentration, each having a mass and number density of (M 1 , n 1 ), (M 2 , n 2 ) etc (meaning the matter content is all clumped in one way or the other, reminiscent of the Universe from z ≈ 6 onwards), the value of θ will involve a summation of the individual products n i M i in Eq. (6), but since the quantity i n i M i is still = ρ c Ω m , we conclude that in either case the end result is:
for the total convergence rate. The important message of Eq. (7) is that through the monotonic accumulation of θ in many encounters, a stable pictures emerges in which the propagation of a light beam through inhomogeneous space is statistically governed by the mean matter density Ω m sampled along the path. In fact the expression for θ in Eq. (7) is on par with that obtained from the homogeneous Friedmann model of Eqs. (3) - (5), see page 360 of Peebles (1993).
Random motion of mass concentrations -its effect on the mean curvature along a given light path A shortcoming of the Friedmann model is that, while its predicted average behavior for a light beam is what one expects from propagation through a real Universe with numerous discrete mass components, there is no way of calculating deviations from this average unless one explicity incorporate the effect of inhomogeneities. In the previous section the ground work was laid for just such a calculation. We are however not concerned with the r.m.s. variation in the total expansion θ from one independent sightline to the next, as this was already demonstrated to be small (and is closely related to the distortion of the beam cross section -the effect of shear, see Peebles 1993). Rather, we wish to examine any deviations caused by the random motion of large scale structures, which have for a long while been known to exist (over and above their Hubble flow) at a velocity of several hundred km s −1 .
Suppose during some interval of world time a light beam propagated through a certain configuration of matter distribution, and underwent an amount of expansion θ given by the sum of contributions from all the mass encounters, Eq. (6). The corresponding value of Ω m which governs the global evolution of the beam via the null geodesic and the homogeneous metric of Eqs. (3) -(5) may then be inferred from Eq. (7). If the experiment of sending the signal from the coordinate origin to radius r along the same direction were repeated for some later interval of world time (say δt where t is the observer's time at the present epoch), the same statements will apply, except that θ (and hence Ω m sampled by the beam) may differ slightly from its former value, because the impact parameter ∆ to the center of each mass concentration that affected the beam during the earlier interval has now changed its position once the masses are no longer stationary. Only when one computes the solid angle averaged θ and Ω m over sightlines that cover the entire sky will the results become invariant w.r.t. world time, and be in agreement with the values of the homogeneous model. We emphasize here that δΩ m is linked straightforwardly to δθ by Eq. (7), as there is no reason to expect the other quantities H o , L = a o r, and c to vary with motion of the inhomogeneities.
To obtain an estimate of δθ in the above context, we may adopt a simplified approach where v is taken as the speed transverse to the beam, and the motion is either towards or away from the beam with equal probability. Thus we write δ∆ = ±vδt This leads to an r.m.s. fluctuation in θ, obtained from Eq. (6) by the quadrature addition of the random δ(−GM/∆) = GMδ∆/∆ 2 variations among all the mass encounters. The result is:
Strictly speaking, in the integration one should have included the effect of evolution, by allowing n and v to be higher (than their present day values) for sections of the light path closer to the epoch of emission when the Universe was denser and hotter. This would have led to a larger δθ, hence even more drastic consequences than the ensuing ones.
Unlike the calculation of θ, in Eq. (8) the minimum impact parameter ∆ min plays a crucial role in determining δθ. This quantity is naturally determined by the requirement of at least one mass concentration (on average throughout the path) at such close proximity to the beam:
After setting ∆ min , and providing the value is ≪ R, Eq. (6) reads:
Again, we note that the result is ∝ the average density nM (or i n i M i ) = ρ c Ω m . By means of Eq. (1), then, Eq. (10) may further be recast to become:
An interesting point about Eqs. (10) and (11) is that as R increases and all the isothermal spheres overlap to form a homogeneous Universe, the variation δθ decreases as 1/R; while the expansion θ itself is, by Eq. (6), independent of R. This reproduces the ideal Friedmann Universe where the average behavior rules. In reality, however, we consider the effect of clusters of galaxies, where M ≈ 3 × 10 14 M ⊙ , n ≈ 10 −4 Mpc −3 (implying by Eq. (9) a ∆ min of < 1 Mpc for L > a few Gpc), and R ∼ 10 Mpc.
The conversion from δθ to δΩ m , and hence by Eq. (5) to δ(Kr 2 ), is done by holding the other quantities fixed, as already discussed. The result is
Note that for a certain radial path connecting r ′ = 0 and r ′ = r, K drifts slowly but steadily with time, because the pattern of motion in the vicinity of this path, though random, is fixed (unless one waits so long that δt approaches the timescale over which galaxy velocities may no longer be regarded as constant).
Spatial fluctuations in a uniform sky background
Here we are ready to derive an observational consequence that can be compared with data. The reasoning is as follows. Firstly, global curvature K affects the total path length of light propagating radially from r = 0:
Secondly, the gravitational contribution to this curvature is for a real Universe due to mass inhomogeneities which are known to undergo random motion; as a result K for any given sightline becomes a slowly varying time function (akin to an adiabatic invariant). Thirdly, this behavior in K then systematically changes u(r) with time -one may also think of the path length variation in terms of space having a constant curvature, but the emitting source is moving towards or away from the observer with a constant velocity. We may therefore expect a Doppler shift which takes a spectral line blueward or redward of its usual Hubble redshifted position, i.e. the sign of this effect varies randomly from one independent sightline to the next.
To proceed with a quantitative estimation, we first write down the long term evolution of the phase φ of a light wave. Therefore, let the wave be of frequency ω = ω e and phase φ e = 0, and be emitted by a distant point source at world time t = t e , position r = 0; received by us at (t, r). By applying the radial null geodesic to the line element of Eq. (3), we see that the wave phase at detection is given by:
where:
and u(r) is as defined in Eq. (13). Since the distances involved are enormous, associated with large redshift, we need to rewrite the temporal part of Eq. (14) as a Taylor series about the observer time t = t o . The spatial part will however be expanded about the source position r = 0 instead -due to K = 0 on average (despite the most up to date measurements by WMAP there remains no tangible evidence for finite mean curvature), even in the limit of large r one only needs to retain the first high order term in the Taylor series to accomodate the small perturbations δK about zero, We will then be led to the following equation for the phase development:
where ω o = ω e a e /a o is the redshifted frequency (i.e. ω(t) ≈ ω o ), a o r = L, and we ignored unimportant additive constants.
According to Eq. (16) we have, in the case of a static Universe where both the galaxy velocity v and the mean curvature K are zero, the phase of the detected light behaving as that of the usual plane wave with frequency ω o . If, on the other hand, there is a finite random speed v among the masses, we will have an additional phase change δφ that is proportional to the time δt separating any pair of wavefronts. This arises from the last term on the rightmost side of Eq. (16) 
Thus ideally if two parts of a uniform sky background separated by an angular distance ≥ 1 o can be observed, one may expect a random frequency excursion with a standard deviation δω o as given by Eq. (17) -the corresponding optical paths are affected by sufficiently different mass distributions.
Comparison with WMAP data
It appears that the best way of testing this prediction is to find out whether the cosmic microwave background exhibit a frequency variation over large (≥ 1 o ) angular scales, leading to an apparent temperature variation over such scales.
In the ensuing application of Eq. (17) we shall adopt conservatively a peculiar velocity v = 100 km s −1 as representative of the state of random motion of clusters and groups of galaxies when projected in any direction. Concerning the value of L, again as a conservative estimate, we suppose that after decoupling the matter distribution remained essentially smooth (i.e. unclumped) until the epoch z ≈ 6 when the first stars and galaxies were formed (Fan et al 2001) , so that the forementioned effect applies only to this last portion of the light path, which has a length L = a o r ≈ 8 Gpc in a Ω m = 0.3, Ω Λ = 0.7 cosmology. Lastly, we take R = 10 Mpc as a typical cut-off radius for clusters. Substituting the above values into Eq. (), we obtain:
as the level of frequency (or inferred temperature) fluctuation of the microwave background when two separate regions of the sky are compared with each other.
The reality is quite different, however, because from the WMAP data (Bennett et al 2003) and the data of earlier missions like COBE the largest temperature fluctuation amplitude -the so-called primary acoustic peak -is ∼ 1, 500 times smaller than that given in Eq. (18). Confronted with such a large disparity between prediction and observation, one must conclude that at least within the current interpretation of the WMAP data there is no evidence for a time varying global space curvature caused by gravitating bodies in a dynamic Universe.
We end the paper by proposing a possible way out. One should perhaps not hastily deem General Relativity, a cosmological theory with many facets, as no longer viable. More precisely, even if one abandons the notion of curvature in a homogeneous Universe, there remains the geodesic equation, the use of which led to the prediction that a light beam must converge when it passes by a large scale structure. Given that the real Universe is riddled with such structures to affect a propagating beam in this manner, and given that most galaxies, groups, and clusters do have peculiar velocities, it seems most unlikely that the arguments presented here can altogether be dismissed. Instead, in a more sensible approach, we should ask whether there is a missing link in relativistic cosmology, which asserts that global curvature is simply a precarious balance between gravity and (Hubble) expansion. In other words, there may exist a hitherto unknown mechanism which operates at all stages of evolution to maintain the value of Ω at near unity for every sightline, i.e. a mechanism capable of damping the perturbations discussed here. At the very least, the purpose of this work is to point out the insufficiency of any model that offers no more than just an explanation of why Ω ≈ 1 homogeneously at and before the decoupling phase -other phenomena related to the Universe after decoupling can also easily jeopardize the apparent uniformity of the microwave background.
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